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Abstract
The molecular ordering in two smectic A liquid crystals was studied by using vanadyl acetylacetonate as a paramagnetic probe. The average hyperfine splitting of the spectrum in the smectic A mesophase as a function of orientation relative to the direct-current magnetic field of the spectrometer was also measured after the molecules of the liquid crystal were alined by cooling from the nematic mesophase in a magnetic field. Alining fields of 3300 and 11 000 gauss were used. The 4-butyloxybenzylidene -4-acetoaniline exhibited a monotonically increasing order with decreasing temperature throughout its nematic and smectic A mesophases. The 4-octyloxybenzylidene-4'-ethylaniline displayed an abrupt change in molecular order at the nematic -smectic A transition. If alined in a 3300-gauss field, the order apparently decreased.
If alined in an 11 000-gauss field, the order apparently increased. The different behavior of the two compounds may be explained on the basis of their different heats of transition. The orientation studies indicated that, i f the molecules of the liquid crystal were alined in the smectic A mesophase, they maintained this alinement upon rotation in the magnetic field of the spectrometer.
INTRODUCTION
In the past, nematic liquid crystals have been used as orienting solvents in nuclear magnetic resonance (NMR) and electron paramagnetic resonance (EPR) ) using a smectic C liquid crystal it was possible t o infer the tilt angle of the liquid crystal. The tilt angle was determined from the variation of the average hyperfine splitting of the probe molecule upon rotation of the sample in the magnetic field.
In this report, some results of the application of the technique to two smectic A liquid crystals a r e described. For one of them we have determined the degree of order as a function of temperature. And f o r both of them we have measured the variation of the average hyperfine splitting of the probe molecule as a function of orientation relative to the magnetic field after the molecules of the liquid crystals were alined in magnetic fields of 3300 and 11 000 gauss. The product which crystallized from the cooled solution was collected, dried, and recrystallized from ethanol to give the pure mesomorphic compound.
A small amount of VAAC was added to each liquid crystal sample t o act as a paramagnetic probe. The EPR spectra were obtained using a Varian 4502 X-band spectrometer. The samples were heated using a Varian 4547 variable-temperature accessory and temperatures were monitored with a 36-gage copper-constantan thermocouple inserted in the nitrogen stream that heated the sample. The details of the sample preparation are described in references 4 and 5.
We determined the degree of order as a function of temperature in the same manner as that reported in references 4 and 5 by heating the liquid crystal into its isotropic phase and recording the spectra at a series of descending temperatures throughout the nematic and smectic mesophases.
In the smectic A mesophase we also determined the average hyperfine splitting as a I function of rotation of the sample relative to the direct -current magnetic field of the spectrometer. The molecules of the liquid crystal were alined in the nematic phase by a magnetic field, and the sample was then slowly cooled into the smectic A phase.
Alining fields of 3300 and 11 000 gauss were used. The EPR spectra were recorded in the smectic mesophase in a magnetic field of 3300 gauss at every 10' rotation of the sample relative to the magnetic field.
THEORY
The VAAC has approximately axial "g" and hyperfine tensors, s o that its spin Hamiltonian can be written as where p, q, and r are a set of rectangular axes fixed with respect t o the VAAC molecule, and r is parallel t o the V = 0 bond direction (see fig. 1 ); A,, A,, and g,, g l , are the perpendicular and parallel components of the hyperfine and ?'g" tensors, respectively; and S and I are components of the electronic and nuclear spin vectors. If gPH is very large compared t o the anisotropic part of the hyperfine tensor it can be shown (refs. 4 and 5) that the Hamiltonian may be rewritten as
-- Let u s now consider what happens when the material is in a smectic A mesophase, and let us recall that the z-axis was defined t o be parallel t o the preferred molecular direction. Suppose the magnetic field has been rotated an angle a! away from the zaxis (see fig. 1 
RESULTS
Liquid Crystal BBAA t 8 Typical spectra of VAAC in BBAA a r e shown in figure 3 . Curve (a) was obtained in the nematic mesophase of the liquid crystal (T = 100' C), and displays the contracted spectrum indicative of ordering (az = -0.21). Curve (b) was obtained in the smectic A mesophase (T = 9 0 ' C) after cooling from the nematic mesophase while in a magnetic field of 3300 gauss. Curve (b) also displays a contracted spectrum indicative of ordering (az = -0.26). The line widths are larger than in the nematic mesophase and some overlapping of both pairs of end lines is evident. In addition, the end lines are slightly asymmetric. These two features indicate that the VAAC molecules a r e undergoing some restriction of their free tumbling due t o the higher viscosity of the smectic mesophase.
The effect of high viscosity is t o cause a decrease in the average splitting (ref. 13) , r esulting in an "apparent" increase in the degree of order; that i s , an increase in the absolute magnitude of az. In the extreme, this effect leads to a "glassy type" spectrum with apparently complete ordering in the liquid crystal (ref. 5). The spectrum shown here indicates that while there is some restriction on the f r e e tumbling of the VAAC molecules, it should still be of value to investigate az in the smectic A mesophase. It must be kept in mind, however, that the absolute values of the oZ may be high due to viscosity effects.
The variation of the order parameter as a function of temperature throughout the nematic and smectic A ranges is shown in figure 4 , where -az is plotted against the reduced temperature T*. Here T* = T/TK, where TK is the nematic-isotropic (n -i) transition temperature in Kelvins. The behavior is typical for nematic liquid crystals ( refs. 4 and 14) . There appears t o be no discontinuity at the nematic -smectic A (n -S ) transition, indicating that the order is maintained through the transition and that it is determined by a similar parameter in both mesophases.
The average splitting in the ordered smectic A mesophase as a function of the orientation relative t o the magnetic field is plotted in figure 5 . As shown by the e r r o r b a r s , the measurements are not of good precision. This is caused by the overlap of the end lines due t o line broadening. At 0 ' and 1 8 0 ' the average splitting is characteristic of In this region the results fall below the predicted values. The discrepancy may result from restriction of the free tumbling of the VAAC molecules as previously discussed. In spite of the discrepancy, the agreement with the theoretical equation allows u s t o conclude that the molecules of the liquid crystal indeed maintain their orientation with respect t o the sample tube upon rotation in the magnetic field. It should be noted that the results were the same whether the sample was alined in a 3300-o r 11 000-gauss field. The average splittings as a function of orientation relative t o the magnetic field are plotted in figure 6(a) (T = 67.5' C). These results are for alinement in the 3300-gauss field. The data show that orientation relative t o the field has little effect on the average line splitting.
Cooling through the n -SA transition in an 11 000-gauss field had a very different effect. For this case uZ was found to be -0. 38, indicating an apparent marked increase in order compared with the nematic mesophase. However, the end lines of the spectra in the smectic mesophase now exhibited greater asymmetry. The erientation relative to the magnetic field had a large effect on the average splitting. The results a r e shown in figure 6(b) .
cos IY -l), where we have used the values for the splitting constants, as before, along with our experimental value of uz = -0. 38. As with B B U , the average splitting v a r i e s with a! as predicted, except for values of a! from 45' t o 135'; and, as before, the discrepancy in this region may result from restriction on the tumbling of the VAAC molecules.
The curve is representative of the function -107 + 14. 5(3 2 I 11l 11I l l l I l 1l l 1l 1 I 1 I 1 I
DISCUSSION
The appearance of the spectra obtained in the smectic A mesophase of these two liquid crystals indicates that the high viscosity of the mesophase may be a contributing factor in determining the average splitting. Nevertheless, certain conclusions may be deduced from consideration of the results presented in the preceding section.
n -SA transition in the two different alining fields. The BBAA maintained its degree of order in either field and the values of oz were essentially the s a m e in both cases. It should be noted that oz was only -0.25 in the smectic A mesophase. In addition, rotation of the sample in the magnetic field of the spectrometer showed that the molecules of the liquid crystal maintained their original alinement with respect to the sample tube. We may conclude, therefore, that the smectic A mesophase of 4-butyloxybenzylidene -4'-acetoaniline could be a useful solvent for NMR studies, though a solvent with a higher degree of order might be preferable. It should be pointed out that the viscosity effect would be much l e s s of a factor in NMR where the frequency of the exciting radio waves is smaller by a factor of 100. This relaxes the restrictions on the correlation time by a similar factor. 3300-gauss alining field, but a large increase in the 11 000-gauss field. In the lowfield case, the interaction between the field and the molecules is apparently not strong enough to maintain the alinement attained in the nematic mesophase. The liquid crystal probably "recrystallizes" into a domain structure in which different domains have preferred directions slightly different from the field direction. The variation in preferred direction is not enough t o give a completely randomized sample, but it is enough t o result in a decrease in the absolute magnitude of the order parameter from -0.2 to -0.15. Some of the domains may constitute a large fraction of the sample. This could account for the shift in the maximum in figure S(a) from the theoretical angle of 9 0 ' to the experimentally observed angle of 115', assuming a large domain was formed with its preferred direction.tilted 25' t o the field direction. In the high-field case, the interaction between the molecules of the liquid crystal and the magnetic field appears to be large enough t o maintain the alinement attained in the nematic mesophase. The large increase in the absolute magnitude of uz, in part, probably arises from the viscosity effect, as the end lines in the spectra exhibit definite asymmetry. However, there may be some real increase in the order arising from the stronger lateral attractions between the molecules of the liquid crystal that are extant in the smectic mesophase. In any case, the rotation of the sample in the field of the spectrometer (see fig. 6(b) ) indicated that the molecules of the liquid crystal maintained their original alinement with respect t o the sample tube once they w e r e alined in the smectic mesophase. Hence, 4-The two liquid crystals exhibited markedly different behavior in cooling through the The OBEA, in contrast, exhibited a decrease in the absolute magnitude of uz in the octyloxybenzylidene-4'-ethylaniline might also be a useful solvent for NMR studies, provided a large enough field is used for alinement, especially if the degree of order is as high as indicated by the order parameter.
It is difficult t o assess why the two liquid crystals behave so differently upon cooling from the nematic to the smectic A mesophase in the magnetic fields. There is a paucity of physical information pertinent t o these n -SA transitions. However, our DTA's of these two compounds indicate that the enthalpy change for the n -SA transition is roughly three times greater f o r OBEA than for the BBAA. Since the n -SA transition temperature of the OBEA is only 3 0 ' C lower than that of the BBAA, the entropy change f o r the OBEA must be over three times greater in absolute magnitude than for the BBAA.
This indicates that much more ordering takes place during the n -SA transition of the OBEA than during that of the BBAA, probably as a result of stronger lateral attractions between the molecules of this liquid crystal. Our experimental results are in agreement with these hypotheses, and it may be anticipated that the ordering behavior of a liquid crystal cooling through its n -SA transition will be determined by the magnitude of the entropy change of the transition. 
